Nuclear receptors (NRs) are ligand-responsive transcription factors involved in diverse cellular processes ranging from metabolism to circadian rhythms. This review focuses on NRs that contain redox-active thiol groups, a common feature within the superfamily. We will begin by describing NRs, how they regulate various cellular processes and how binding ligands, corepressors and/or coactivators modulate their activity. We will then describe the general area of redox regulation, especially as it pertains to thiol-disulfide interconversion and the cellular systems that respond to and govern this redox equilibrium. Lastly, we will discuss specific examples of NRs whose activities are regulated by redox-active thiols. Glucocorticoid, estrogen, and the heme-responsive receptor, Rev-erb, will be described in the most detail as they exhibit archetypal redox regulatory mechanisms.
Introduction
Nuclear receptors (NRs) comprise a superfamily of eukaryotic ligandresponsive transcription factors that regulate genes involved in a vast array of cellular processes including metabolism, differentiation, reproduction, inflammation, and circadian rhythms. This class of proteins includes, among others, peroxisome proliferator-activated receptors (PPARs) that bind fatty acids, steroid receptors, and the hemeresponsive receptor, Rev-erb. The human genome encodes 48 NRs, some of which remain orphaned as their endogenous ligands have yet to be identified. Of those NRs in which the ligand is known, several serve as pharmaceutical targets for the treatment of disease including estrogen receptors for an anti-breast cancer drug (tamoxifen), PPAR-γ for thiazolidinediones used in the treatment of type II diabetes, and the glucocorticoid receptor for dexamethasone, used in the treatment of inflammation [1, 2] .
NRs are modular proteins that have a conserved architecture, consisting of a highly variable N-terminal A/B domain that is involved in ligand-independent transcriptional regulation (commonly referred to as activator function-1 (AF-1)) and is a site of phosphorylation ( Fig. 1, A) . Adjacent to the A/B region is the highly conserved DNA-binding domain (DBD) or C region that harbors two Cys 4 zinc-finger motifs. The DBD binds to specific DNA response elements in the promoter of target genes, participates in receptor dimerization, and can contain a nuclear localization signal (NLS). Linking the DBD to the C-terminal ligandbinding domain (LBD) is a poorly conserved hinge or D region that imparts flexibility to the receptor and in many cases contains a NLS. Near the C-terminus is the LBD (E region), which also contributes to receptor dimerization, can contain a NLS, and binds signaling molecules. In addition to the LBD, some receptors also harbor an F region that does not appear to play a role in ligand-dependent transcriptional activation [3] [4] [5] .
Ligand recognition by some NRs leads to dissociation from cytoplasmic heat shock protein complexes with subsequent nuclear localization. In the nucleus, the NR binds to its cognate DNA response element in the promoter of target genes and recruits transcriptional coactivators such as steroid receptor coactivator (SRC-1, 2, and 3) that ultimately govern the level of target gene activation. Conversely, other NRs are predominantly nuclear and repress gene transcription in the ligand-free state by complexing with corepressors, e.g., nuclear receptor corepressor (NCoR) and silencing mediator for retinoid and thyroid hormone receptors (SMRT); in this case, binding of ligand leads to dissociation of the corepressor in exchange for a coactivator [4] [5] [6] . With most NRs, ligand binding is accompanied by a major conformational change of LBD α-helix 12 (a.k.a. activator function-2 helix, AF-2) from a position loosely associated with the rest of the globular domain to a compact structure in which it interacts with ligand and forms part of a hydrophobic cleft that serves as the binding interface for coactivators [7] .
( [8] and references therein). In many cases, reductants such as dithiothreitol (DTT) reactivated the NRs, implying that reduced sulfhydryls were required for ligand and/or DNA binding and that these activities could be regulated by the ambient cellular redox potential. It is now clear that redox poise has major functional ramifications on members of the NR superfamily and the pathways they control.
Various cellular redox systems can interface with NRs, allowing the NR to respond to redox poise and to control target pathways in response to perturbations to redox homeostasis. Cellular redox homeostasis is preserved as a delicate balance among three processes, (i) production of harmful reactive oxygen species (ROS) during metabolic and enzymatic processes, (ii) neutralization of ROS by the antioxidant defense system, and (iii) maintenance of equilibrium of the primary cellular redox couples such as glutathione:glutathione disulfide (GSH:GSSG), cysteine:cystine, NADPH:NADP + , and the reduced:oxidized thioredoxin system [9, 10] (Fig. 2, A) . ROS are generally characterized by those intermediates that arise during the successive reduction of dioxygen to water and include superoxide anion (O 2
• − ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (•OH). Endogenous ROS are produced at several distinct locations in the cell including mitochondria where complex I and III of the electron transport chain can spuriously reduce dioxygen to O 2
• − [11] . Additional ROS are generated as side reactions by cytochrome P450s [12] , cyclooxygenase (COX) [13, 14] , lipoxygenase [14, 15] , and uncoupled nitric oxide synthase (NOS) [16] , and as physiological products of NADPH oxidases [17] and xanthine oxidase [18] . Free H 2 O 2 is a substrate for Fenton chemistry in which free ferrous iron in the cell reacts with peroxide to form hydroxyl radical (•OH), a potent oxidant that can damage DNA, lipids, and proteins non-specifically [19, 20] . This reaction is potentiated via the reduction of labile ferric to ferrous iron by O 2 [20, 23, 24] . Both H 2 O 2 and O 2 • − can oxidize the major redox buffer glutathione leading to a more oxidizing cellular environment, although direct thiol oxidation by H 2 O 2 is not likely to be a major reaction in the cell due its slow rate constant [25] , rather the more rapid metal-catalyzed thiol oxidation by H 2 O 2 is more likely [26] . In order to restore homeostatic GSH:GSSG levels, glutathione disulfide is reduced by glutathione reductase, an NADPH-dependent enzyme. ROS can also oxidize protein thiols to intra-or intermolecular disulfides, or to higher thiol oxidation states, including sulfinic, sulfenic, and sulfonic acids, modifications that typically augment activity (Fig. 2, B) . The ubiquitous thioredoxin (Trx) system consisting of NADPH-dependent Trx reductase and Trx, which contains a redox active pair of cysteine thiolates reduces disulfides of client proteins, thus, restoring activity [20] . Lastly, to circumvent the deleterious effects of free radicals including
• OH, the cell relies on a pool of lowmolecular weight (LMW) antioxidants, including glutathione, tocopherols (vitamin E), and ascorbic acid (vitamin C) [27, 28] . Thus, the cell has evolved distinct antioxidant mechanisms to counteract the inevitable generation of ROS and maintain redox homeostasis.
Perturbations to cellular redox homeostasis that increase ROS levels beyond the antioxidant threshold, or deplete the antioxidant pool can lead to oxidative stress. Numerous factors contribute to elevated ROS levels. For example, the natural progression of aging is accompanied by increases in oxidative DNA and protein damage and oxidation of cellular The Nterminal A/B region harbors AF-1 ligand-independent regulatory activity and is a site of phosphorylation. A/B is followed by the highly conserved C region, or DBD that is connected to the LBD (E region, containing ligand-dependent AF-2 activity) by the hinge (D region). Some receptors contain an F region with unknown function. (B) Three-dimensional structure of the rat GR DBD homodimer in complex with a palindromic GRE where the two half-sites are separated by four base pairs (PDB access code 1GLU). Cysteine sulfhydryls involved in redox modulation are highlighted in yellow. In each subunit of the dimer, eight out of nine redox-active cysteine sulfhydryls comprise the two Cys 4 zinc-finger motifs (ZF1 and ZF2). The last sulfhydryl of Cys500 (equivalent to Cys481 in the human GR sequence) resides in NLS1 and is conserved among nuclear receptors. (C) Three-dimensional structure of the human GR LBD in complex with the agonist dexamethasone (depicted as sticks with carbon atoms in green, oxygen in red, and fluorine in cyan) and a peptide derived from the coactivator TIF2 (orange) harboring a LXXLL motif (PDB access code 1M2Z). The three cysteine sulfhydryls implicated in redox modulation of ligand binding are highlighted in yellow and labeled; Cys638 and Cys643 are the pair of arsenite-reactive proximal thiols.
redox buffers [10, 29, 30] . Exogenous contributors to heightened ROS levels are redox-active drugs and environmental toxicants. A wellstudied example is the chemotherapeutic agent doxorubicin, which contains a quinone functional group that accepts electrons from complex I of the respiratory chain and subsequently reduces dioxygen to O 2
• − [31, 32] . The resulting oxidative damage to NADH dehydrogenase in part accounts for the cardiotoxicity that accompanies treatment of cancer patients with doxorubicin. The widely used bipyridine-based herbicide, paraquat, redox cycles in the cell leading to the generation of ROS and depletion of the NADPH pool. Paraquat exposure has been linked to the development of Parkinson's disease implicating oxidative stress as a causal factor in this disorder [33, 34] . Physiologically relevant redoxactive transition metals like iron, cobalt, and copper are catalysts of ROS production via Fenton chemistry; thus the cell has evolved complex molecular mechanisms to keep levels of free metals at a minimum. Other non-physiological metals and environmental toxicants like Redox homeostasis is maintained as a balance between opposing antioxidant and pro-oxidant systems. However, homeostasis is a relative term considering the ambient redox potential of glutathione (GSSG:2GSH couple), the major cellular redox buffer, can vary dramatically depending on the growth stage of a cell. Proteins containing redox active thiol-disulfide couples will respond to the ambient potential in a Nernstian fashion as long as the E m (midpoint potential) of the couple falls within the physiologically relevant range. To illustrate this point a hypothetical thiol-disulfide that controls the activity of a protein is depicted; the E m of the couple is −200 mV and the dithiol form of the protein is active while the disulfide is inactive. When the cell is proliferating and the ambient potential is highly reducing the couple exists as a dithiol. Conversely, a cell undergoing apoptosis can be +80 mV oxidized favoring an intramolecular disulfide that alters quaternary structure and inactivates the protein. Adapted from [9] . (B) Many other thiol oxidation products exist besides intramolecular disulfides. For simplicity a single reduced protein thiol is depicted with oxidizing species in red: 1) ROS can successively oxidize thiols to sulfenic (-SOH), sulfinic (-SO 2 H), and sulfonic (-SO 3 H) acids; 2) Autooxidation products of nitric oxide, such as dinitrogen trioxide, or species with NO + character react with thiols to form thionitrites (S-nitrosothiols); 3) Peroxynitrite reacts with thiols generating a thionitrate that may be an intermediate in the formation of disulfides, a major peroxynitrite-driven thiol oxidation product [182] ; 4) Low molecular weight thiols like GSH can form disulfides with protein thiols under oxidizing conditions; 5) Similarly, thiols of different proteins can form intermolecular disulfides. Adapted from [183] .
mercury and arsenic react with cellular thiols, depleting the levels of antioxidants, like glutathione [35] . Oxidative stress plays a role in the pathophysiology of many disorders including obesity [36] and diabetes [37] , and is also implicated as a causal or perpetuating factor in neurodegenerative disorders including Parkinson's disease, Alzheimer's disease and amyotrophic lateral sclerosis [38] . Heightened oxidative stress is also observed in individuals experiencing disturbances in their circadian rhythm, for example, shift workers and people with sleep disorders [39, 40] . Indeed, the levels of some antioxidant enzymes (e.g., glutathione peroxidase) and low molecular weight antioxidants (e.g., melatonin) exhibit daily rhythms [41] . Thus, rhythm dysfunction caused by shift work may lead to imbalances in antioxidant pools and increases in ROS.
Redox homeostasis is a dynamic process in which host defense mechanisms adapt to manage the ebb and flow of ROS production, thus, the intracellular redox potential is also dynamic. For example, the ambient potential of the GSSG:2GSH couple in proliferating cells is~60 mV more reduced than in cells undergoing butyrateinduced differentiation [42] (Fig. 2, A) . H 2 O 2 -stressed yeast organelles exhibit a 50-100 mV oxidation due in part to a decrease in cellular pH as a function of H 2 O 2 [43] . According to the Nernst equation, a 60 mV oxidation equates to a~10-fold decrease in the GSH:GSSG ratio (holding the [GSSG] constant), which could have a profound effect on proteins with redox active thiols that are equilibrated with the GSH pool through an intermediate like glutaredoxin [44] . Indeed, there is a substantial amount of literature describing proteins that can "sense" ROS levels or the ambient redox potential through molecular switches comprised of one or more reactive cysteine thiols that undergo oxidative modification to disulfides, mixed disulfides with glutathione, higher sulfur oxides, or S-nitrosothiols leading to an alteration of function (Fig. 2,  B) .
The activities of a variety of proteins, including enzymes, regulatory proteins and ion channels, are affected by the thiol-disulfide redox state. For instance, a thiol-disulfide redox switch exists in the C-terminal domain of heme oxygenase-2 (HO2), which catalyzes the degradation of heme to generate biliverdin, carbon monoxide (CO) and free iron. When the switch is in the dithiol form, the enzyme has a~10-fold lower affinity for heme than in the oxidized disulfide state, implicating redox in the control of cellular concentrations of heme and CO, both of which are signaling molecules [45] . In addition to HO2, a diverse set of transcriptional regulators from bacteria to mammals are modulated by redox poise, typically through thiol oxidation chemistry [20, 46] . A wellstudied example is OxyR, a LysR-type transcriptional regulator from bacteria that activates genes encoding antioxidant enzymes and proteins in response to H 2 O 2 stress. Oxidation of a pair of conserved cysteines to the disulfide causes conformational changes that may enhance the ability of OxyR to interact with transcription machinery thereby triggering the OxyR regulon and curbing oxidative stress [47] . While OxyR is activated by disulfide formation, many transcriptional regulators lose the ability to bind DNA as a function of thiol oxidation. Especially relevant to this review is the class of proteins harboring zinc-finger motifs, which are typically composed of Cys 2 His 2 -or Cys 4 -coordinated zinc atoms that impart structure needed to interact with DNA. Oxidation of zinc-finger thiolates to disulfides leads to structural destabilization, the release of Zn 2+ and a loss of DNA binding ability (reviewed in [48, 49] ). Indeed, several NRs are susceptible to zinc-finger oxidation via reaction with ROS, although this only represents one of several mechanisms by which NR activity is regulated at the level of thiol oxidation.
NRs containing redox sensitive thiols
In this section, we will assess the pertinent literature covering direct redox modulation of NRs and describe how changes in cellular redox poise affect the ability of NRs to regulate gene expression.
Glucocorticoid receptor (GR)
GR is a classic example of a ligand-regulated NR that undergoes nuclear localization upon binding a glucocorticoid hormone [50] . GR is expressed from the NR3C1 gene with two major splicing variants resulting in GRα and GRβ isoforms. Since GRβ does not exhibit ligand-responsive activity and is generally considered a dominant negative isoform [51] , GRα will be the focus of discussion and henceforth referred to simply as GR. GR transduces signal via binding of glucocorticoids, a class of steroid hormones characterized by their potent anti-inflammatory effects and regulation of critical cellular processes including glucose and lipid metabolism. The critical nature of the GR:glucocorticoid interaction is demonstrated in GR (−/−) mice, which perish shortly after birth due to respiratory failure [52] .
The GR signaling pathway begins with ligand-free GR complexed with heat shock proteins (Hsp) in the cytoplasm, namely Hsp90, a molecular chaperone that derives energy from ATP hydrolysis in order to properly fold client proteins [53] . Hsp90 stabilizes the ligand binding conformation of GR. In the classic pathway, glucocorticoid binding causes GR to be released from the Hsp complex and undergo nuclear import via interaction of the nuclear translocation machinery with GR NLSs, one C-terminal to the second zinc-finger subdomain in the DBD and the other in the LBD [54] . Another Hsp90-dependent nuclear import pathway involves shuttling of the GR-Hsp complex to the nucleus by association with cytoskeletal motor proteins (reviewed in [55] ). Once in the nucleus, GR homodimers bind cooperatively to DNA at glucocorticoid response elements (GREs), which consist of palindromic half-sites (the consensus sequence is 5′-AGAACAnnnTGTTCT-3′) in the promoters of target genes. Coactivator complexes associate with the GR:GRE complex ultimately leading to an increase of gene transcription.
In addition to the classic activation pathway, GR regulates transcription by a number of other strategies, including repression through binding to negative GREs, competition for promoter sites with other transcription factors, and coactivator squelching [56, 57] . Many of the anti-inflammatory effects that glucocorticoids exert through GR occur by transrepression, which is exemplified by the interaction of ligand-bound GR with NF-κB or AP-1, transcriptional activator complexes that control genes encoding cytokines, chemokines, and proinflammatory enzymes like inducible nitric oxide synthase and COX-2. The resulting GR:NF-κB or AP-1 complex results in a diminution of transcription of inflammatory genes, thus mitigating the inflammatory response [57] .
The first reports suggesting thiol-disulfide redox modulation of GR were published over four decades ago. In these studies, which were performed in crude cell extracts or cytosolic preparations, thiol modification reagents including N-ethylmaleimide, pchloromercuriphenyl sulfonic acid, mercury salts and IAA were shown to significantly decrease glucocorticoid binding [58] [59] [60] [61] [62] [63] . However, pre-binding hormone to the receptor protected against binding inhibition as did the reductant, DTT [59, 61, 62] . Treatment with methyl methanethiosulfonate (MMTS), a thiol-reactive compound that results in a Cys-S-S-CH 3 adduct, led to a unique biphasic hormone response curve in which low concentrations of MMTS abrogated hormone binding; however, at high concentrations, hormone binding capacity rebounded but to only~70% of the control [64] . A model involving two proximal cysteine thiols at the opening of the steroid pocket was proposed in which, at low MMTS concentrations, one thiol reacts with MMTS to generate a mixed disulfide that is converted into an intramolecular disulfide by subsequent attack on the mixed disulfide by the other thiol; however, at high MMTS concentrations, both proximal thiols are modified preserving the opening to the steroid pocket. In addition, H 2 O 2 , diamide, and NO
• oxidize GR and inhibit steroid binding, presumably through the formation of the proximal cysteine disulfide or by S-nitrosylation, respectively. Thus, thiol modification could effectively act as a gatekeeper to the steroid binding pocket occluding access under oxidizing conditions ( Fig. 3, A,I ) [65, 66] . The proximal thiol-disulfide theory was validated by studies with the dithiol reactive compound arsenite ( [67] and references therein) and the relevant Cys residues were identified by site-directed mutagenesis to be Cys656 and Cys661 (rat GR designation) [68] . This study also identified Cys640 as a participant in disulfide bond formation with the proximal thiols suggesting three reactive sulfhydryls involved in steroid binding. Further mutagenesis studies confirmed that mutations of these critical residues resulted in differential binding of glucocorticoids [69, 70] . The crystal structure of the GR LBD demonstrated the proximity of the thiols to the hormone binding pocket (Fig. 1, C) [71] .
In addition to their negative effects on ligand binding, thiol modifying reagents including IAA, MMTS, 5,5′-dithiobis-(2-nitrobenzoic acid) and mercurials were shown to adversely impact GR DNA binding [62, [72] [73] [74] . Moreover, GR can only associate with a GRE under reducing conditions [75] . Treatment of GR by H 2 O 2 leads to the formation of disulfides in the DBD and a loss of the ability to bind DNA-cellulose [74, 76] , while H 2 O 2 treatment stabilizes the Hsp90-GR complex likely through disulfide bond formation [74] .
Despite ample in vitro data supporting redox-mediated ligand and DNA binding, one report in 1994 indicated that native GR in cell extracts did not contain disulfide bonds, calling into question the physiological relevance of the results described above [77] . Shortly thereafter, several in vivo studies demonstrated that GR activity was indeed altered by oxidative stress. Reduction of cellular GSH levels by treatment with diethylmaleate led to the inability of GR in extracts to bind a GRE, an effect that was reversed by feeding cells N-acetylcysteine, which restores the GSH:GSSG balance [78, 79] . In addition, GSH deprivation led to the aberrant dexamethasone (DEX)-dependent activation of a GR reporter gene in cells [80] . Further in vivo studies demonstrated that H 2 O 2 treatment decreased DEX-dependent transcriptional activation by GR due to inhibition of binding both DNA and hormone [81] . The potent thiol oxidizing agent, diamide also was shown to inhibit binding of recombinant GR DBD to the GRE.
Significantly, Trx led to the robust recovery of ligand and DNA binding activity of thiol oxidized GR in vivo and in vitro, confirming earlier reports that Trx stabilized GR activity in cytosolic preparations [81] [82] [83] . In addition, oxidative stress leads to the nuclear localization of Trx and its concomitant interaction with the DBD of GR. This finding gains more general impact considering that the DBD is the most conserved domain in the nuclear receptor superfamily and the conserved Cys residues in the zinc-finger subdomains may serve as a common mediator of redox signals [84] . ROS and Trx were shown to modulate GR-mediated expression of the gene encoding the α-subunit of the amiloridesensitive epithelial sodium channel, which is responsible for maintaining alveolar fluid balance [85] . When lung epithelial cells are subjected to H 2 O 2 -induced oxidative stress, GR cannot bind the GRE. However, overexpression of Trx restores the GR-GRE interaction. In another system, ineffective glucocorticoid treatment of alopecia aerate, or spot balding, has been linked to decreases in thioredoxin reductase levels in outer root sheath cells and a decline in GR:glucocorticoid reactivity, presumably mediated through loss of active Trx [86] .
Oxidative stress also appears to inhibit hormone-dependent GR nuclear import (Fig. 3, C) [87] . H 2 O 2 treatment of human cells led to a concentration-dependent decline in the DEX-induced nuclear import of a green fluorescent protein-GR chimera (GFP-GR), while Nacetylcysteine reversed the effect, indicating that thiol oxidation was culpable. Immunoprecipitation studies revealed that H 2 O 2 caused the retention of GFP-GR in the cytoplasm as a complex with Hsp90. These results suggested that either DEX-binding was compromised or formation of the Hsp90:GFP-GR complex was stabilized by oxidation of thiols in the proximal disulfide gate. In order to test whether inhibition of nuclear import was strictly due to these redox processes, a chimeric protein was utilized that consists of GFP, the Herpes virus VP16 transactivation domain, and the GR DBD. This fusion construct contains the GR NLS1 and has been shown to be strictly nuclear and to promote transcriptional activation of a GRE-driven reporter construct [84] . Treatment of cells with H 2 O 2 showed that the construct was partially retained in the cytoplasm. Substitution of a highly conserved cysteine residue in NLS1 (Cys481) to serine nullified the effect of H 2 O 2 indicating that oxidation of this cysteine residue likely alters the conformation of GR such that it can no longer interact with the nuclear translocation machinery. Whether oxidation of Cys481 leads to formation of an intra-versus intermolecular disulfide, or a higher sulfur oxide is not clear, however this oxidative modification may influence other nuclear receptors considering the conservation of this cysteine residue in NLS1.
Redox regulation of GR may be a key mechanism of coupling oxidative stress to inflammation, but, if so, a fine balance between thiol oxidation and reduction must be maintained. Activation of glucocorticoid synthesis would help keep the effects of inflammation in check by downregulating the expression of proinflammatory systems. However, inflammatory cells produce ROS in order to destroy foreign invaders, thus, inflammation-derived ROS could in turn oxidize GR thiols consequently quelling glucocorticoid anti-inflammatory actions and potentiating the response. Furthermore, as mentioned above, GR interacts with NF-κB in the nucleus and inhibits its ability to activate transcription of proinflammatory genes. However, ROS induce NF-κB nuclear translocation while inhibiting the translocation of GR [46] . In the thiol-reduced state the glucocorticoid receptor binds the agonist, dexamethasone that ultimately leads to nuclear import and the regulation of target gene transcription. Under conditions of oxidative stress ROS cause the formation of disulfide bonds between any of three cysteine sulfhydryls in close proximity to the ligand-binding pocket. Inspection of the GR LBD crystal structure suggests that in order for these disulfides to form a large conformational change would have to take place that could occlude access to dexamethasone or other glucocorticoids. The dashed lines represent potential disulfides and the two red sulfhydryls comprise the arsenite-reactive proximal thiols unique to GR. In the reverse direction, Trx and TrxR have been implicated in the reduction of thiol oxidized GR and the recovery of steroid-binding capacity. II) Under reducing conditions the Reverbβ LBD binds ferric heme with high affinity as a 6-coordinate complex with histidine and cysteine thiolate (depicted in red, Cys384) axial ligands. An oxidizing environment leads to the sequestration of the axial cysteine thiolate as a disulfide with Cys374 and the concomitant replacement of Cys384 as a heme ligand by an unidentified neutral residue, X. The thiol-oxidized protein has a~5-fold decreased affinity for heme which could have a significant impact on the ability of Rev-erbβ to recruit NCoR and repress target gene transcription. Nuclear translocation of GR is subject to redox modulation through the oxidation of Cys500 (rat amino acid numbering, equivalent to Cys481 in human GR), a conserved cysteine sulfhydryl that resides in NLS1 C-terminal to ZF2 (depicted as a -SH group). Under reducing conditions importin proteins interact with NLS1 leading to the translocation of GR to the nucleus through a nuclear pore. On the other hand, ROS that arise during oxidative stress can oxidize Cys500 and impede nuclear translocation. A sulfenic acid intermediate is depicted as it is unclear what the Cys500 oxidation product is, but could certainly include an intra-or intermolecular disulfide, or higher sulfur oxide that may inhibit the ability of GR to interact with importin proteins.
Estrogen receptor (ER)
17β-Estradiol (estradiol) is a steroid hormone that controls growth and differentiation of cells originating from a variety of tissues such as bone, brain, and reproductive organs [88] [89] [90] . Estradiol signaling is transduced through binding to two subtypes of the estrogen receptor, ERα and ERβ, which are transcribed from separate genes; in addition both α and β subtypes have several splice variants. Although ERα and ERβ have some overlapping functions, they also have unique roles and differential tissue expression patterns [91] . Binding of estradiol to ER leads to receptor dimerization and subsequent binding to ER response elements (ERE) in the promoters of target genes. As with GR, ER can regulate gene transcription on multiple levels including binding of ER to the ERE followed by recruitment of coregulators, and interaction of ER with other transcription factors. ER can also associate with the cytoplasmic membrane and activate protein kinase cascades in an estradiol-dependent manner typifying non-genomic ER regulatory mechanisms [92] .
In addition to its role in normal physiology, estradiol is implicated in the onset and progression of breast cancer through ER-dependent and -independent pathways [93] . For example, estradiol metabolism includes redox-active quinone intermediates that are associated with the formation of DNA lesions and the reduction of dioxygen to O 2
• − [94, 95] . Moreover, ligand-bound ER is known to facilitate breast cell proliferation, which is thought to promote cancer as rapidly dividing cells are subject to accumulation of inevitable DNA mutations arising from mistakes during replication [96] .
Although cysteine residues in the ER LBD have been shown to be important for coupling ligand binding to transcriptional regulation and cellular distribution [97] [98] [99] [100] [101] , the LBD does not appear to be a candidate for redox sensing. For example, the dithiol reagent arsenite, which blocks glucocorticoid binding by GR, did not affect estradiol binding to ER or ligand binding to androgen receptor, mineralocorticoid receptor, or progesterone receptor [102] .
As observed for GR, the ER DBD is redox regulated, containing two Cys 4 -zinc-fingers (ZF1 and ZF2) that are separated by a short 15-residue linker. A computational study indicated that among 207 zinc-finger motifs, the thiols in ER ZF2 were the most reactive [103] . Significantly, the ER isolated from some breast cancer tissues lacks the ability to bind EREs and this effect is partially reversed by thiol reductants [104] . Furthermore, treatment of ER extracts and purified recombinant ER DBD with thiol oxidants (e.g., diamide, H 2 O 2 , iodosobenzoate, and IAA) inhibited binding of ER to its ERE and dithiothreitol reversed the inhibition. Circular dichroism experiments indicated a loss of alpha helical structure upon oxidation of the DBD implying significant structural alteration presumably due to the formation of intramolecular disulfides. Indeed, ER ligand binding was essentially unaffected in extracts treated with oxidants supporting the idea that the DBD was the primary target of oxidative damage. ER in living cells was also subject to oxidative damage induced by both H 2 O 2 and menadione as demonstrated by a loss of DNA binding activity and the ability of ER to activate transcription of a reporter construct. Mass spectrometry studies revealed that ZF2 is the primary target of oxidative damage via disulfide formation and subsequent loss of Zn 2+ (Fig. 3, B ) [105, 106] . Being more flexible than ZF1, the "open" structure of ZF2 could allow easier access of ROS to catalyze disulfide bond formation. The pronounced sensitivity of ZF2 to oxidation has been suggested as a means to target breast cancer through the use of electrophilic reagents, which disrupt ER activity and could inhibit proliferation of tumor cells [107] . NO • also interacts with the DBD, leading to S-nitrosylation and suppression of DNA-binding [108] . Similarly, NO
• inactivates DNA binding by androgen receptor and retinoid X receptor:vitamin D receptor heterodimer [109, 110] . Estradiol-binding by membrane-associated ER initiates a kinase cascade that stimulates nitric oxide synthase to produce NO
• . In turn, NO • may potentiate the non-genomic response by disabling the ability of ER to bind DNA. This pathway could in part explain the cardioprotective function of estrogens in terms of releasing NO
• , a vasodilator, although many ER regulated genes are also thought to enhance vascular health, implicating both non-genomic and genomic ER functions in the maintenance of cardiovascular tissue [111] . Snitrosylation of ER may also result from nitrosative stress, a condition characterized by non-physiological levels of reactive nitrogen species including NO
• and peroxynitrite [21] .
Shortly after their discovery that Trx regulates GR redox status, Tanaka and colleagues reported in vivo and in vitro experiments indicating that Trx is a crucial mediator of ER activity [112] . Transcriptional activation of a reporter construct is dose-dependently suppressed by H 2 O 2 at a concentration (20-50 μM)~5-fold lower than that required to inhibit GRdependent activation. Expression of Trx restores the activity of H 2 O 2 -damaged ER in live cells and enhances ER-driven expression in unstressed cells, indicating ER is partly oxidized even under normoxic conditions. In electromobility shift assays (EMSA) with recombinant ER, Trx reverses the suppression of DNA binding by diamide oxidation. Over a decade later, immunoprecipitation experiments demonstrated that Trx and ER interact in the nucleus [113] . This study also located TrxR in the Trx-ER nuclear complex and indicated that Trx and TrxR help maintain the structural integrity and activity of ER as well as affected estrogen-responsive gene expression and H 2 O 2 levels. A splice variant, denoted TrxR1b [114] , also appears to bind ER in the nucleus and to enhance ER-driven transcription at EREs, but to repress ER activation at AP-1 sites. Significantly, TrxR1b contains an LXXLL motif in an N-terminal extension that binds to ER; this sequence facilitates protein:protein interactions between coactivators and NR LBDs (Fig. 1, C) .
Several studies have implicated a cadre of other redox mediators in the regulation of ER, including protein disulfide isomerase (PDI), SOD and redox effector factor-1 (Ref-1) . In mass spectrometry studies, Nardulli and colleagues isolated ER within a large nucleoprotein complex containing PDI [115] , which is known as an endoplasmic reticulum-associated molecular chaperone that catalyzes the formation and isomerization of disulfide bonds during protein folding [116] . Nonetheless, immunofluorescence and western blotting confirmed the presence of PDI in the nucleus. Chromatin immunoprecipitation (ChIP) experiments revealed that PDI localized at EREs in an estradiol-dependent manner and siRNA PDI knockdown indicated that PDI enhanced the transcription of some ER regulated genes, but repressed others. In vitro pulldown, limited proteolysis, and EMSA studies demonstrated that PDI directly interacts with ER, enhances ER binding to DNA and restores the activity of diamide-oxidized protein. Curiously, PDI mutants compromised in isomerase and chaperone activities retain the ability to enhance ER DNA binding.
Like PDI, SOD has been identified as a component of the nucleoprotein complex with ER and enhances binding of ER to DNA [117] . SOD knockdown diminished ER transcription and ChIP analysis revealed estradioldependent SOD localization at EREs. Furthermore, estradiol enhances SOD expression.
The other redox mediator identified in the ER:ERE complex was Ref-1, also known as apurinic/apyrimidinic endonuclease (APE) [118] . A critical component of the base excision repair machinery, Ref-1 has also been recognized as a redox mediator for several key transcription factors including AP-1, NF-κB, and p53 [119, 120] . In accord with TrxR/Trx, PDI, and SOD, Ref In addition to direct redox modulation of ER activity, several reports indicate that other pathways affected by oxidative stress converge on ER. For example, induction of oxidative stress generally enhances ERβ expression with differential effects on ERα depending on the oxidant and the cell line used [121] . High glucose levels in culture medium induce oxidative stress analogous to hyperglycemia in diabetes mellitus and decrease ERα production while increasing ERβ levels. Inclusion of a O 2
• − scavenger restored normal estradiol responses of ER isoforms under high glucose indicating heightened superoxide levels cause dysfunction of ER expression [122] . Lastly, phosphorylation of NRs is known to influence various functions from DNA and ligand binding to dimerization [123] . Furthermore, ROS have significant and differential effects on kinase signaling cascades, generally activating kinases and inactivating phosphatases through oxidation of a critical active-site thiol [20] . One study demonstrated that induction of oxidative stress in cultured cells leads to an increase in phosphorylation of ERα Ser118 and Ser167, modifications implicated in the regulatory functions of ER [124, 125] . Overall, these studies suggest that redox regulation of ER is complex, occurring by direct and indirect mechanisms that ultimately have a profound impact on the transcription of ER target genes.
Rev-erb
Rev-erbα and Rev-erbβ are isoforms unique to the NR superfamily in that they lack α-helix 12 responsible for recruitment of coactivators in other NRs. As a result, Rev-erbα/β are constitutive transcriptional repressors. These NRs bind as monomers to a hexameric ROR-responsive element (ROR-RE) comprised of the consensus sequence AGGTCA, or as dimers to the Rev-DR2 element consisting of direct ROR-RE repeats separated by two nucleotides [126] [127] [128] . Rev-DR2-bound Rev-erb homodimers recruit NCoR, a~270 kDa protein that acts as a scaffold bringing together nuclear receptors with histone deacetylase complexes that repress gene expression by condensing chromatin and occluding access to the transcription machinery [6, 129, 130] . Rev-erbs compete for ROR-REs with RAR-related orphan receptors (RORs), with RORs acting as transcriptional activators [131] .
Genes regulated by Rev-erb/ROR, notably BMAL1, apolipoprotein CIII (apoC-III), and plasminogen activator inhibitor type-1 (PAI-1), are involved in regulating diverse cellular functions, including the circadian clock, lipid metabolism and fibrinolysis, respectively. A master regulator of the human circadian rhythm, BMAL1 forms a heterodimeric complex with CLOCK to induce expression of Cryptochrome and Period, which heterodimerize to form a feedback loop by inhibiting the activity of BMAL1:CLOCK [132] . Correspondingly, Rev-erbα knockout mice display increased expression of BMAL1 accompanied by alterations in circadian behavior [133] . Regulation of lipid metabolism by Rev-erb occurs by repressing expression of apoC-III, which controls serum triglyceride levels; thus, Rev-erbα knockout mice have increased levels of triglycerides [134, 135] . In repressing the transcription of PAI-1, which is the principal inhibitor of fibrinolysis, Rev-erbα plays an important role in myocardial infarction. Circulating levels of PAI-1 vary significantly according to the circadian clock, with its peak occurring in the morning, correlating to a greater chance for myocardial infarction during this time frame [136] .
In addition to the preceding examples, Rev-erbα also is a critical regulator of pro-and anti-inflammatory cytokines [137, 138] and gluconeogenic genes [139] . Furthermore, knockout of both Rev-erb isoforms in mouse liver leads to compromised expression of circadian genes and pronounced dyslipidemia [140, 141] . Taken together, these studies underscore the role of Rev-erbs in linking circadian rhythms with critical cellular processes such as inflammation and metabolic/lipid homeostasis.
Rev-erb remained orphaned until 2007 when two independent groups identified heme as its endogenous ligand [139, 142] . This finding is suggested to explain how heme biosynthesis is controlled by the central clock, and how heme regulates the expression of clock genes [143] . In the first case, Rev-erbα represses the transcription of PGC-1α, which is an inducer of the gene encoding the first and rate-limiting enzyme in tetrapyrrole biosynthesis, 5-aminolevulinate synthase 1 [144] . A mechanism by which heme controls expression of clock genes is that binding of heme to the Rev-erb LBD promotes recruitment of NCoR and histone deacetylase 3, which leads to repression of Rev-erb target genes [139, 142] . Apparently, NCoR also associates with apoRev-erb, providing a basal level of repression that increases when Rev-erb binds heme [145] .
Rev-erbs belong to a unique class of hemoproteins that undergo ligand switching in response to the reduction of Fe(III) ferric heme to Fe(II) ferrous heme. Based on spectroscopic [146, 147] and crystal structure [148] analyses, the LBD binds ferric heme as a 6-coordinate complex with His and Cys ligands and reduction to the ferrous heme results in a loss of thiolate ligation leading to a mixed 5-/6-coordinate system with neutral protein ligands presumed to be derived from His residues. Another possibility is that a protonated neutral thiol is bound to ferrous heme, as has been shown for other heme systems [149] . In E75 (the Rev-erb homolog in Drosophila), reduction of ferric to ferrous heme facilitated the interaction with a peptide derived from DHR3, a transcriptional activator that is repressed by heterodimerization with E75 [150] . Conversely, the redox state of heme in Rev-erb does not impact binding to a peptide derived from the nuclear receptor interaction domain of NCoR [142] . Thus, further studies are required to assess the contribution of heme redox state to regulation of gene expression.
The gaseous signaling molecules CO and NO • , known to play a role in controlling circadian rhythm timing [151] , bind the ferrous heme in Rev-erbβ forming a 6-coordinate complex with the gas molecule opposite a His residue [146] . Pardee et al. demonstrated that NO
• , but not CO led to the derepression of Rev-erb target genes [148] , however, because CO has such a high affinity for Reverbβ ferrous heme (K d = 60 nM) [147] , the physiological relevance of CO binding should be closely examined. In E75, both CO and NO
• destabilize the interaction with DHR3 [150] . In addition, NPAS2, a CLOCK homolog, binds heme and CO with the latter causing the dissociation of NPAS2:BMAL1 heterodimers [152] . The evidence described above suggests that CO and NO • play roles in circadian rhythm maintenance, however the precise mechanism by which they control the molecular clock is not completely understood.
Another role for heme in the regulation of Rev-erb function is through differential binding to the Rev-erbβ LBD as a result of a thiol-disulfide switch between Cys384 and Cys374 in the heme-binding pocket [147] . Intriguingly, Cys384 is a heme axial ligand that is followed by a proline residue and along with other structural features, these Cys-Pro sequences are commonly referred to as heme regulatory motifs (HRMs) that modulate hemoprotein activity [153] . For example, the thiol-disulfide switch of HO2 is composed of two HRMs [45] . In the thiol-reduced state, Rev-erbβ binds ferric heme as a 6-coordinate His/ Cys ligated complex that undergoes oxidation to form an intramolecular disulfide bond between Cys384 and Cys374, which has a~5-fold decreased affinity for heme relative to the reduced protein (Fig. 3, A, II) . Mutation of Cys374 to Ser abolishes the redox-dependent decrease in heme affinity, however the protein still undergoes a diamide-induced ligand switch suggesting that (i) Cys374-Cys384 form a molecular switch that controls the ability of Rev-erbβ to bind heme, recruit NCoR, and repress gene transcription as a function of cellular redox poise, (ii) the oxidation-induced ligand switch may be a separate regulatory mechanism, and (iii) since Cys374 is not conserved in Rev-erbα, this may be an isoform-specific redox switch. The first hypothesis gains momentum when one considers a recent report that describes a daily rhythmic cycle of redox potential in suprachiasmatic nucleus (SCN) tissue, the brain structure responsible for maintaining circadian rhythms [154] . In that study, SCN tissue from a BMAL1 (−/−) mouse was devoid of rhythmic redox fluctuations indicating the core molecular clock is involved in maintaining SCN redox poise. Reciprocally, the ability of the NPAS2/ CLOCK:BMAL1 heterodimer to bind DNA is directly related to the ambient redox potential maintained by NADH:NAD + and NADPH:NADP + couples, with a more reducing environment favoring DNA binding [155] . Thus, redox poise seemingly controls circadian rhythms but is also dependent on a functional molecular clock. The Rev-erbβ thiol-disulfide switch may serve to integrate Rev-erbβ activity into the SCN redox cycle, fine-tuning the repression of BMAL1, and likewise the ability of BMAL1:CLOCK heterodimers to bind DNA and activate clockcontrolled genes (Fig. 4) . On the other hand, the Rev-erbβ Cys374-Cys384 disulfide may be a consequence of oxidative stress like the proximal thiols of GR. Therefore, it is crucial to determine the midpoint potential for the thiol-disulfide switch so as to discriminate between these mechanisms. In any case, it is clear that redox modulation of Rev-erb function has implications in the maintenance of circadian rhythm, the inflammatory response, and glucose/lipid homeostasis.
Other redox-modulated NRs

Androgen receptor (AR)
AR thiols have been implicated in both ligand and DNA binding [156, 157] . Exposure of free AR to diamide diminishes its DNA binding capacity and stabilizes a homodimer of DNA-bound AR, suggesting that redox poise may play some role in the ability of AR to dimerize. Growth of prostate cancer cells under hypoxic conditions stimulates AR activity [158] , suggesting that the low-oxygen tension may stabilize AR thiolates and decrease oxidation. Androgen deprivation therapy is a common treatment for aggressive prostate tumor growth, however its effectiveness may be thwarted in hypoxic cancer cells in which AR is responsive to low concentrations of androgens.
Mineralocorticoid receptor (MR)
A study in the late 1960s aimed at identifying aldosterone-binding protein complexes recognized the sensitivity of the receptor to sulfhydryl attacking reagents like p-hydroxymercuribenzoate [159] . Three decades later, several reports emerged confirming the critical role of reduced cysteine thiolates for ligand and DNA binding [160] [161] [162] [163] . Oxidative stress induced in mice by depletion of GSH levels profoundly diminishes MR ligand binding capacity and activity that is thought to arise from two distinct mechanisms: (i) oxidative modification of thiols involved in ligand binding, and (ii) inhibition of cellular translation machinery [164, 165] . Conversely, a recent report suggests that oxidative stress induces MR activity through a Rac1-dependent mechanism [166] . Reactive nitrogen species have differential effects on MR activity with NO
• suppressing MR-driven transcription likely by modification of DBD thiols, while peroxynitrite induces MR nuclear translocation and transcription of target genes [167] .
Progesterone receptor (PR)
In the 1970s and 80s, a series of reports indicated that both ligand and DNA binding functions of PR were sensitive to oxidation and thiol attacking agents [168] [169] [170] [171] [172] [173] [174] . To our knowledge, direct redox modulation of PR has not been explored beyond these results.
Retinoic-acid receptor (RAR)
Similar to ER, the primary target of RAR redox modulation appears to be the DBD. Purified recombinant RAR-DBD loses DNA binding competence upon exposure to H 2 O 2 or hypochlorite with concomitant loss of Zn
2+
. Oxidized protein can be regenerated by exposure to glutathione and Zn
, likely due to reduction of intramolecular disulfides formed within zinc-finger motifs and re-insertion of the structural Zn 2+ ion [175] . Functional consequences of RAR DBD oxidation was observed in melanoma cells in which transcription of a RAR-responsive reporter construct was influenced by the basal level of ROS produced in different cell lines with higher ROS leading to decreased RAR activity. Similar to AR, hypoxic conditions favored RAR transactivation [176] . Protection of RAR from oxidants and repair of oxidative damage in vivo is achieved by a hybrid redox-mediator protein thioredoxin glutathione reductase (TGR), which harbors thioredoxin and glutathione reductase domains and exhibits glutaredoxin activity [177] . TGR exhibits retinoic aciddependent binding to RAR facilitated by a LXXLL motif found between the major reductase domains, reminiscent of the TrxRb1 variant described above. In addition, TGR appears to be required for efficient RAR-induced expression of a reporter construct in unstressed cells, and 
Vitamin D receptor (VDR)
Reduced VDR cysteine thiolates have been implicated in ligand [179] and DNA binding [8] . Furthermore, a site-directed mutagenesis study of conserved Cys residues in the VDR LBD implicated thiols as being important for high affinity ligand binding and VDR-driven transcriptional activation [180] . VDR heterodimerizes with the retinoid X receptor (RXR) to activate the transcription of target genes. The DNA binding function of VDR:RXR is sensitive to a cohort of cellular oxidants including H 2 O 2 , NO
• , singlet oxygen, peroxyl radicals, and peroxynitrite, both in vitro and in vivo. Interestingly, cells are able to repair VDR:RXR that had been damaged via exposure to NO
• , but not ROS indicating some level of irreversible modification of receptor thiols likely to higher sulfur oxides such as sulfonic acid [181] .
Conclusions
Research focused on redox modulation of NR function spans over four decades with early in vitro studies identifying the requirement of reduced cysteine thiolates for efficient association of receptors with ligands. More recent work has established a clear link between cellular redox poise and NR activity, highlighting the role of oxidative stress in NR dysfunction.
There are three regions in the NRs that have been shown to be redox sensitive. Considering the high level of conservation and pronounced reactivity of DBD zinc-fingers, we propose that this domain is the main site of redox regulation within the NR superfamily and that the flexible ZF2 is the primary target of ROS/RNS-triggered disulfide formation. Similarly, the redox active conserved cysteine within NLS1 (e.g., Cys481 in human GRα/β, Cys245 in ERα, and Cys209 in ERβ) that modulates nuclear import of GR may also represent a common mode of NR redox regulation. The effect of redox poise on ligand binding appears to be receptor specific and largely depends on the occurrence of thiols near the ligandbinding pocket that can reversibly form disulfides as is the case for GR and Rev-erbβ, but not ER. Since GR and Rev-erbβ govern pathways that are sensitive to redox poise, e.g. inflammation and circadian rhythm, modulating ligand binding through thiol-disulfide interconversion may serve to tune receptor function with changes in redox. All in all, the NR superfamily may be globally affected by redox poise especially through the highly conserved thiol-containing motifs with many NRs subject to redox regulation at multiple discrete points.
On a similar thread, the studies demonstrating redox modulation of ER, GR, RAR, and TR by Trx/TrxR, PDI, SOD, Ref-1, and TGR suggest a common mechanism in which thiol-disulfide oxidoreductases, chaperones, and antioxidant enzymes protect and repair NRs from ROS-mediated thiol oxidation. It is important to establish whether these redox mediators bind independently and sequentially accomplish their function or exist as a pre-formed redox-chaperone complex in the nucleus. The latter scenario is attractive because it would allow such a complex to maintain the thiol-reduced and properly folded structure of critical transcriptional regulators including NRs. Linking the NR to such a complex could also represent a mechanism of fine-tuning in which redox poise is "sensed" by the complex and that signal is then transduced in the form of thiol oxidation or reduction of transcriptional regulators by PDI or Trx/Ref-1, respectively. In either case, it is clear that redox modulation of NRs is a highly coordinated mechanism involving thiol-disulfide conversion by ROS and oxidoreductases. Whether the oxidation event is strictly due to ROS interaction with NR thiols or perhaps catalyzed by PDI remains to be elucidated.
Although most redox regulation of NRs seems to be a function of oxidative stress, the thiol-disulfide switches governing ligand binding (e.g., in Rev-erbβ), DNA binding or nuclear localization for GR and perhaps other NRs may represent a redox sensor that integrates protein function and/or gene expression into the orchestrated cellular redox changes that occur as a function of the cell cycle and circadian rhythm. It is important to establish midpoint potentials of NR thiol-disulfide couples involved with redox signaling. For example, if a thiol:disulfide couple has a midpoint potential in the range of the GSH:GSSG couple under homeostatic growth conditions, i.e. between −260 and −200 mV, it can act as a molecular switch that responds to changes in the ambient cellular redox poise (Fig. 2, A) . On the other hand, if the midpoint potential is significantly more positive than −200 mV, the thiols would only be oxidized under apoptosis or oxidative stress conditions. To our knowledge, no quantitation of NR thiol-disulfide potentials exists in the literature, thus representing a void in our understanding of how NR function is modulated by changes in the ambient cellular redox potential.
Redox poise within the cell is a dynamic event that changes with the stage of cell growth, nutrient status and the circadian cycle. Redox homeostasis is also markedly altered during periods of oxidative stress, associated with events such as pathogen invasion or tissue damage. NRs are central to altering cellular metabolism during these various molecular, cellular, and systemic changes. We feel that studies should be launched to investigate the mechanism of redox regulation in various NRs. It also appears that chemicals that specifically target the redox active sites on NRs could form a novel class of pharmaceuticals. 
